IMPORTANCE Increased prevalence of language-based learning disabilities (LDs) has been previously reported in patients with primary progressive aphasia (PPA). This study hypothesized that patients with focal neurodegenerative syndromes outside the language network, such as posterior cortical atrophy (PCA), would have a higher rate of nonlanguage LDs, congruent with their mainly visuospatial presentation.
T he risk factors that predispose individuals to phenotypically atypical neurodegenerative disease remain largely unknown. Increasing evidence suggests that neurodevelopmental differences account, in part, for susceptibility of the language network to neurodegenerative disease later in life.
1,2 Previously, we found more frequent language-based learning disabilities (LDs) in patients with logopenic variant primary progressive aphasia (lvPPA) than in healthy control individuals and those with other forms of primary progressive aphasia (PPA). 2 Logopenic variant PPA, a disorder of the phonologic system, with degeneration of left posterior temporal and inferior parietal regions, 3 has remarkable clinical and neuroanatomical parallels with dyslexia. 4 These parallels between dyslexia and lvPPA suggest that the presence of language-based LDs might alter the neuroanatomical reserve of the phonologic language network, affecting the manifestation and clinical course of neurodegenerative disease in susceptible individuals. 2 On the basis of these network-specific associations between language-based LDs and language domain neurodegenerative disease, we hypothesized that this association might also be true for another focal cortical neurologic disorder, posterior cortical atrophy (PCA), a disorder usually associated with Alzheimer disease (AD) pathologic findings that lacks any established susceptibility factors. Posterior cortical atrophy is a neurodegenerative disorder that presents with selective visuospatial and visuoperceptual deficits and bilateral (most often right-sided greater than left-sided) occipito-temporo-parietal atrophy. 5 A core symptom of PCA, simultagnosia, 6 is a deficit in visual integration, often manifesting as impaired awareness of more than 1 visual stimuli at a time. 7 Simultagnosia is associated with bilateral parieto-occipital damage with varying degrees of lateralization. In a series of stroke cases, simultagnosia was associated with right greater than left superior parietal damage, 8 whereas in a series of patients with PCA and simultagnosia, the opposite was observed. 9 These same biparieto-occipital localizations subserve mathematical abilities, with perhaps specializations between the left and right sides, 10, 11 the former with greater relevance to complex arithmetic, symbol mapping, and verbal-based counting 12 and the latter with processing quantity, 13 number intuition, and subitization (the rapid and accurate nonverbal recognition of 1-4 objects). 12, 14 Possibly as a consequence of visual integration disability and its anatomical overlap, mathematical abilities are severely impaired in patients with PCA. 15, 16 Selective deficits in arithmetic abilities, when out of proportion to generalized cognition, are the hallmark of dyscalculia-the most common mathematical LD in the general population. 17 At the core of dyscalculia are speculated deficits in abstract numerical intuition or nonsymbolic number sense, also known as numerosity. [17] [18] [19] [20] Similar to dyslexia, developmental dyscalculia is highly heritable, 21 and genetic models of developmental dyscalculia demonstrate functional and structural alterations of the right intraparietal sulcus. 22 Dyscalculia can be temporarily induced in healthy adults without dyscalculia through transcranial magnetic stimulation of the right intraparietal sulcal region. 23 The development of dyslexia and dyscalculia is thought to involve neuronal migration within neocortical structures. 22, 24 Because of the left hemisphere correlation between dyslexia and lvPPA and overlapping right hemisphere localizations between mathematical and visuospatial abilities and PCA disease patterns, we hypothesized that (1) LDs would appear at higher rates in cortically predominant AD syndromes, such as lvPPA and PCA, than in typical hippocampal-and entorhinalbased AD and (2) networks associated with right hemisphere developmental disabilities, especially mathematical and visuospatial abilities, would manifest more often in PCA than in lvPPA or amnestic AD. To examine these hypotheses, we reviewed the medical records of patients with PCA, patients with lvPPA, and matched patients with amnestic AD 3,25 for a history of LD and then categorized these LDs into language and nonlanguage presentations.
Methods

Participants
We identified 95 patients diagnosed with PCA at first visit in the University of California, San Francisco (UCSF) Memory and Aging Center (MAC) database and 84 patients with lvPPA (including 48 previously described 2 ) from March 1, 1999, to August 31, 2014. We selected a group of 100 patients with amnestic AD who were matched to the PCA and lvPPA groups by age (as measured at first visit, within 1.5 SDs of the combined mean of the lvPPA and PCA cohorts), sex, and disease severity (as measured by the Mini-Mental State Examination [MMSE] ). Demographics, sex, hand preference, race/ ethnicity, and educational level were obtained by openended questioning or patient self-disclosure on intake questionnaires. Race/ethnicity was included in this study to investigate bias. Data analysis was performed from September 8, 2013, to November 6, 2017. All patients provided written informed consent to share their clinical data for research purposes. All data were deidentified. The study was approved by the UCSF Human Research Committee.
Key Points
Question What is the prevalence and category type of learning disability in patients with posterior cortical atrophy?
Findings In this case-control study of 279 patients, learning disabilities were observed at higher rates among patients with posterior cortical atrophy and logopenic variant primary progressive aphasia than in the general population and a cohort with amnestic Alzheimer disease. Investigations into the category type of learning disability revealed that the patients with posterior cortical atrophy had a significantly higher amount of nonlanguage mathematical and visuospatial learning disabilities compared with the general population and the control group.
Meaning Domain-specific learning differences may be associated with domain-specific neurodegenerative diseases, raising the possibility that neurodevelopment is associated with targeting and selective vulnerability to neurodegenerative disease.
Neurodegenerative disease diagnoses were established with current diagnostic criteria for PCA, 6, 26 lvPPA, 3 and AD. A group of 20 healthy control individuals who also had 3-T magnetic resonance images and were matched for age, sex, handedness, and sample size were included. After comparisons between all PCA and controls, the PCA cohort was split into those with and without LD histories and compared with the same group of controls.
Image Acquisition
All patients underwent structural magnetic resonance imaging to obtain sequences previously described on a 3-T Siemens TrioTlm Snygo scanner. 31 Healthy imaging controls were recruited from the UCSF MAC healthy aging cohort.
Voxel-Based Morphometry
Image analysis was performed using SPM12 software (http: //www.fil.ion.ucl.ac.uk/spm) developed in the Wellcome Department of Imaging Neuroscience, Institute of Neurology, University College London, running in MATLAB R2014b (Mathworks). Voxel-based morphometry was performed following standard procedures, as previously described. 2 Analysis of variance testing across the different groups was performed in SPM12. Contrasts of interest included the comparisons of the total PCA group, the PCA without LDs group, and the PCA with LDs group with the same group of matched healthy controls. All statistical analyses were performed controlling for age, sex, handedness, and total intracranial volume as covariates. Additional comparisons between the degree of atrophy on the left and right sides within the PCA with LDs and the PCA without LDs groups were evaluated using z scores. Statistical thresholds were set at 2-sided P < .05 corrected for familywise error.
Results
A total of 179 patients (95 with PCA and 84 with lvPPA) and 100 controls with disease (amnestic AD) were included in the study. PCA and lvPPA had a significantly elevated prevalence of LDs (P = .007 for the PCA group and P < .001 for the lvPPA group), whereas the amnestic AD cohort had a statistically smaller frequency of LDs (P = .02) ( Figure 1A ).
LD Type Across Diagnostic Cohorts
Subdividing LD type into language and nonlanguage yielded 32 language and 19 nonlanguage LD cases, including 9 overlapping language and nonlanguage LD cases. In the amnestic AD cohort, 2 individuals had sole language LD and 1 had overlapping language and mathematical LDs. In the lvPPA cohort, all individuals with LDs had language-based LDs, with 2 overlapping mathematical LD cases. In the PCA cohort, 5 had exclusively language-based LDs, 10 had exclusively nonlanguage mathematical and/or visuospatial LDs, and 3 had LDs in both domains. Across the diagnostic cohorts, the prevalence of nonlanguage LDs revealed group differences (1/100 vs 2/84 vs 13/95, P < .001). Posthoc pairwise comparisons revealed differences between the amnestic AD and PCA cohorts (1/100 vs 13/ 95, P < .001) and the lvPPA and PCA cohorts (2/84 vs 13/95, P = .006) and no differences between the amnestic AD and lvPPA cohorts (1/100 vs 2/84, P = .50).
Because 13 of 95 members of the PCA cohort (13.7%) had a mathematical LD, assuming a 6.0% general population rate of mathematical LDs, 17, [28] [29] [30] the PCA cohort had an elevated prevalence of mathematical LDs compared with the general population (13 observed vs 6 expected, P = .003). The rates in the amnestic AD and lvPPA cohorts did not differ statistically from the general population rate ( Figure 1B ). 
Research Original Investigation
Mathematical and/or Visuospatial Learning Disabilities in Posterior Cortical Atrophy mathematical and/or visuospatial LDs revealed no differences across demographic and clinical measures.
Neuroimaging Study
For this imaging substudy, 19 of 95 individuals with PCA met the inclusion criteria, 10 of whom had a history of LDs. Of these 10 individuals with PCA with LDs, 6 had sole mathematical and/or visuospatial LDs, 3 had language and mathematical and/or visuospatial LDs, and 1 had a sole language LD. We used voxel-based morphometry (VBM) to compare the total PCA cohort (n = 19; age, 59.2 years; 10 women; 15 right-handed) and the healthy controls (n = 20; age, 63.2 years; 11 women; 16 righthanded). We also compared separately the PCA with LDs subgroup (n = 10, age, 56.9 years; 6 women; 6 right-handed) and the PCA without LDs subgroup (n = 9; age, 61.7 years; 4 women; 9 right-handed) with the same cohort of healthy controls.
A post hoc analysis of demographic, functional, and cognitive scores between these cohorts used for VBM showed that the only difference was that the PCA with LDs group performed better on digits backward ( Table 2) . The VBM analyses found the expected pattern of bilateral, right-sided greater than left-sided occipito-temporoparietal atrophy in the total PCA cohort. Splitting the PCA cohorts into groups with and without LDs produced atrophy maps where the amount of atrophy appears right lateralized in the PCA with LDs group and bilateral in distribution in the PCA without LDs group (Figure 2 and Table 3 ). To demonstrate the extent of atrophy asymmetry in the PCA with LDs cohort compared with the PCA without LDs cohort, we repeated the VBM analyses masking for left and right hemispheres and summed the cluster size for each side separately. Using these measures, we calculated an atrophy index of asymmetry (left − right/left + right) for each group, obtaining a value of −0.46 for the PCA with LDs cohort and −0.22 for PCA without LDs cohort.
Discussion
Neurodevelopmental differences have been hypothesized as susceptibility factors toward the development of late-life focal neurodegenerative syndromes. 32 We observe an increased prevalence of LDs among patients with PCA and lvPPA compared with patients with amnestic AD and reported general population rates. Subdividing LDs into language and nonlanguage mathematical and visuospatial types revealed that language-based LDs were more common in patients with lvPPA and nonlanguage mathematical and visuospatial LDs were more common in patients with PCA. The amount of mathematical and visuospatial LDs in patients with PCA was greater than in either AD cohort and greater than reported general population estimates. These findings support an association between domain-specific LDs and domain-specific neurodegenerative diseases, perhaps best understood within a networkspecific view of neurodevelopmental and neurodegenerative syndromes. Multiple studies 1, 2 have found that patients with PPA are more likely to have a language-based LD than the general population. Previously, we found a specific association between dyslexia, the most common language-based LD, and lvPPA, speculating that developmental weakness of phonologic processing within the left temporoparietal junction might be further associated with preferential neurodegeneration of this network later in life. 2 The anatomical localizations of mathematical and visuospatial abilities are less clearly defined than their language counterparts because these abilities are complex and sustained by multiple brain networks. Increasing evidence supports the role of a network centered on the right intraparietal sulcus in humans and other species, especially within numerosity processing. 20, 33, 34 Alterations in these intraparietal sulcal networks are associated with developmental Abbreviations: LD, learning disability; PCA, posterior cortical atrophy.
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Mathematical and/or Visuospatial Learning Disabilities in Posterior Cortical Atrophy dyscalculia, 17, 22, 23 and in the context of our findings, we speculate that the presence of mathematical and/or visuospatial LDs might make right-sided parietal structures more susceptible to late-life neurodegeneration resulting in focal progressive disease of visuospatial and/or mathematical abilities. In patients with PCA, 72.2% of all LDs were in nonlanguage domains, whereas the remaining 27.8% presented with language-only LDs. Comparisons between the PCA cohorts with and without LDs revealed greater global preservation of cognition along with greater rightward asymmetry of brain atrophy directly overlying the intraparietal sulcus in the PCA cohort with LDs. Because the PCA groups with and without LDs did not differ in disease duration or assessment of functional impairment, it is unlikely that the greater impairment of nonvisual abilities in the PCA without LDs cohort reflects a difference in disease severity. The greatest selectivity of domain association in this study was within lvPPA, in which all 21 patients with LDs had language-based LDs (including 2 with a comorbid mathematical LD), raising the possibility that this domain association is largely driven by the strength of association within the lvPPA cohort; nevertheless, other investigations lend support to our claims of a selective association between mathematical and visuospatial differences in PCA. A genomewide association study 35 of PCA identified 3 novel putative gene targets, 2 of which are involved in neurodevelopment, including 1 that plays a notable role in the maturation of the visual system. Furthermore, a series that investigated LDs in AD and frontotemporal dementia examined 85 patients with typical amnestic AD and 17 with atypical AD presentations, including 3 with lvPPA and 3 with PCA, and found increased prevalence of LDs in the atypical AD group. All 3 patients with lvPPA had language-only LDs, and 2 of the 3 patients with PCA reported dyscalculia. 36 Thus, we believe that there is evidence and precedence to support a domain association between earlylife learning differences and later-life neurodegenerative disease risk in lvPPA and PCA. Although there is no perfect correlation between clinical syndrome and pathologic findings (lvPPA-like syndromes with underlying frontotemporal lobar degeneration pathologic features 37, 38 and corticobasal degeneration from dementia with Lewy body pathologic features in PCA 6,39 have been described), the study cohort had a great degree of pathologic homogeneity. Almost half (40%) the total study cohort underwent amyloid imaging and/or autopsy evaluation, and of this group, only 1 patient with lvPPA had results inconsistent with AD as the primary cause of disease. Nonetheless, these developmental susceptibility findings need not be limited to AD pathologic features. Two previous studies 40, 41 found that dyslexia-relevant genetics may influence the atrophy patterns in frontotemporal dementia, including PPA, affecting the susceptibility of the language network to disease. The reason specific brain networks are susceptible to certain neurodegenerative diseases in individuals is likely a multifactorial process with contributions from genetics, neurodevelopment, and environmental factors.
Limitations
We did not observe increases in LDs in the amnestic AD cohort compared with the general population, possibly because language and mathematical and visuospatial difficulties, such as dyslexia and dyscalculia, are thought to develop through dysfunction of neocortical neuronal migration, 22, 24 whereas typical amnestic presentations of AD localize to allocortical structures. Regardless, neurodevelopmental susceptibility is relevant to this population because multiple studies 42, 43 have found lower gray matter volumes in AD-relevant anatomies in APOE4-positive infants compared with controls. Thus, we may not be adequately assessing the exact developmental domain to capture premorbid differences in typical AD. Alternatively, perhaps there is an ascertainment bias. The amnestic AD group had the largest number of non-white patients, and some researchers have suggested that nonwhite populations may have higher rates of undiagnosed LDs. 44 Furthermore, discussions of early-life differences might be seen as less relevant to this cohort or, conversely, more relevant to atypical AD cohorts, leading participants and their study partners to have a recall bias when discussing premorbid strengths and weaknesses. These concerns highlight the significant limitations inherent to retrospective history review; nevertheless, medical record-based studies such as this one can be critical in laying the groundwork for future larger-scale investigations.
Conclusions
We observed an overlap of cognitive and neuroanatomical targets between early development and degeneration in language and nonlanguage domains. Our findings suggest that specific forms of LDs are associated with phenotypically atypical presentations of neurodegenerative disorders later in life and fit within a larger framework of research into the influence of neurodevelopment on vulnerability and susceptibility of neural systems to neurodegenerative disease. 2, 32, 42, 45, 46 We hope that this study reaffirms the value of close phenotyping in neurodegenerative diseases and enables longitudinal explorations of individuals with learning differences to better establish the influence of the aging process on potentially at-risk populations. Whether the association between neurodevelopment and neurodegeneration is linked to a common underlying biological process, such as decreased synaptic plasticity or deficient neuronal pruning, 47 or reflects decreased reserve in a network-specific manner remains an open question. Regardless, appreciation of developmental history may not only assist in disease prevention and earlier detection but also aid in prognosticating phenotypic presentation, prediction of clinical trajectory, and perhaps response to neurorehabilitation, underscoring the importance of capturing premorbid, neurodevelopmental differences in all adults being evaluated for cognitive impairment.
